Structures with high concentration of mass at or close to the top such as highway bridge piers are vulnerable in earthquakes or accidents. In this paper, a simple and convenient retrofit strategy is proposed for minimizing vibrations and damages, extending service life and preventing collapse of existing structures. The proposed system comprises of tension-only cables secured to the sides of the structure through gravity anchor blocks that are free to move in vertical shafts. The system is installed in such a way that the cables do not induce unnecessary stress on the main structure when there is no lateral motion or vibration. The effectiveness of controlling global structural responses is investigated for tension-only bilinearelastic behaviour of cables. Results of a realistic case study for a reinforced concrete bridge pier show that response reduction is remarkably well under seismic excitation.
Introduction
One of the major challenges facing structural engineers today is to develop creative ways to reduce the risk of catastrophic damage due to extreme events, and to enhance the resiliency of urban infrastructure. Particularly, earthquake is a hazard with severe consequences on civil infrastructures that ranges from direct and indirect economic losses due to structural and non-structural damages as well as business interruption; to social effects such as injuries and fatalities; and environmental impacts such as energy consumption and carbon dioxide emissions due to subsequent repair/replacement, among others [1] . The need for retrofitting existing infrastructures that are prone to earthquakes is common all around the world. Possible reasons include aging and/or recognition of their unsatisfactory performance as a result of updates in seismic code requirements. There are also changes in the design performance objectives under the emerging performance-based seismic design framework. Apart of seismic motion, non-redundant structures are liable to suffer imminent collapse due to unexpected loads. Figure 1 shows the same pattern of failure for single rowed pier bridges under earthquake motion or truck collision. In both scenarios the strength and stiffness of the reinforced concrete columns were not enough to prevent excessive lateral displacement and P-Delta effects disregarding the high and low level of seismic hazard in where they are located. [2] , Right: Pedestrian bridge collapse after being hit by a truck [3] .
Traditionally, approaches taken by engineers to mitigate the earthquake hazard have involved methods with the assumption of seemingly limitless natural resources, and with little regard to the impact of their rehabilitation techniques on the environment, and local disruption. Davidson et al. [4] suggest that the next generation of engineers must be able to design with a narrowing and diminishing set of natural resources for a wider variety and greater number of end users. The development of rapid rehabilitation strategies has sustainability benefits in terms of providing more resilient infrastructure for the community as well as minimizing environmental and economic impacts and social consequences during the rehabilitation project and after occurrence of earthquakes. The primary objective of this study is to design and evaluate an innovative, rapid retrofitting strategy for structures with high concentration of mass at or close to the top such as highway bridge piers that are susceptible to P-Delta effects and therefore vulnerable in earthquakes or collisions. Also, the proposed supplemental system is to be consistent with the following principles of sustainable design. The systems must: 1) result in robust and resilient infrastructure; 2) be efficient in the use of materials, with minimal energy requirements and emissions; 3) be able to achieve its goals with only minor onsite construction and disruption; 4) require minimal modification to existing structural elements; and 5) require little maintenance. To achieve these goals, a novel approach for a supplemental seismic retrofitting system is proposed, which includes the use of gravity-anchored cable-bracing system consisting of tension-only cables that are attached to the top of the structure from one-side and secured to gravity anchor blocks from the other side. Utilizing this method, cables begin to carry load immediately after a deformation reversal through a stable tension-only bilinear-elastic behaviour. The level of accepted damage in the cable (e.g. no-damage, yielding, rupture) can be controlled by assigning appropriate gravitational force to the anchorage system. In this paper, the concept and installation of this retrofitting system are discussed and the effectiveness of implementing this system to control the global response of a bridge pier subjected to sequential ground motions with increasing intensities is investigated. Relative movements between the bridge deck and the pier are not considered in this study. The simulation results show promise for effective vibration control and collapse prevention of existing structures.
Gravity-anchored cable-bracing system

Concept of the proposed retrofitting system
Cable-bracing systems are commonly used in conjunction with linear/rotational friction-based dampers [5] or hysteretic dampers [6] and [7] while the cable-bracing system proposed here can also be used in combination with energy-dissipating devices, this study is focused only on the gravityanchored cable-bracing system and its effectiveness for vibration control of structures. The concept of the proposed gravity-anchored cable-bracing system is depicted in figure 2 through a single-degree-of-freedom (SDOF) structure. The installation of the system requires drilling vertical shafts on opposite sides of a structure to accommodate the gravity anchor blocks. In the first stage of the installation (Figure 2(A) ), the tension-only cables are placed as braces for the structure with one side attached to the top of the structure, and the other side secured with the gravity anchor blocks. Initially, light weights are used to develop low-level tensions in the cable. In the second stage ( Figure  2(B) ), clamp elements are installed at the top of the shaft (i.e. intersection of Lo1 and Lo2) to restrain the downward motion of cable (Figure 2(C) ). After installation of the clamps, gravity blocks are added to produce pre-tension forces only in the underground part of the cable. This allows the cables to be effective only with lateral movements of the main structure without applying unnecessary forces during normal service. This system can be comparable to seatbelts in vehicles where levels of tension can be adjusted, allowing passengers to move freely, while if the acceleration exceeds certain predefined level, system raises its tension resistance, proportionally. The behaviour of the cables in the proposed system follows stable tension-only bilinear-elastic behaviour. As shown in figure 3(A) , while the tension forces developed in the cable are less than the gravitational force of the blocks, they behave in linear-elastic range. The cables are placed on opposite side of the structures and are activated as opposed to direction of the external forces for controlling the excessive deformations. As this stage, the cables behave as if they are fixed to the ground using a normal pin connection. Once the cable tension force reaches the gravitational force of the blocks, they will lift the blocks and displace them freely in vertical shafts (Figure 3(B) ). This allows to calibrate the weight of gravity blocks based on preventing different levels of damage in the cables (e.g. no damage, yielding, rupture); making this retrofitting system a sustainable solution, without the need for repair/replacement of the cables.
Sesimic retrofit of A reinforced concrete bridge pier
Description of the model
In order to assess the effectiveness of the gravity-anchored cable-bracing system in a realistic scenario, a reinforced concrete bridge pier was considered as a case study. The bridge pier is 15m high and has a circular cross-section with 1m diameter. The longitudinal column reinforcement consists of 22 bars of N24. The pier contains transverse reinforcement throughout the entire length with 20mm cover thickness that adds 5% to maximum compressive stress of the concrete in the confined region. The material properties of the bridge pier are presented in table 1. The bridge pier is modelled using beam-with-hinges element in OpenSees [8] , where the nonlinear behavior is assumed to occur within a finite-length at both ends using fiber-based plasticity approach.
The tension-only bilinear-elastic behavior of the cable is modelled by taking 2500kN/m for the horizontal component of the axial stiffness and the ultimate force is equivalent to 30% of the gravity load applied on the bridge pier. The combined dead and live loads on the bridge pier is assumed to be 10% of the ultimate compressive axial load capacity.
a) Bridge pier b) Sesimic retroft of the brige pier Figure 4 . Seismic retrofit of the bridge pier using gravity-anchored cable-bracing system. Figure 4 shows installation of the retrofitting system on opposite sides of the bridge pier. Note that, no friction-based or energy-dissipating devices are used and it is assumed that the cables cannot be installed with the optimized angle of 35° due to the limited available space. The slope ratio of the cable is set to 3.5/15, resulting in an installation angle of approximately 75°. The bridge pier for the cases with and without seismic retrofitting system was then subjected to four sequential ground motion increasing intensities. The El Centro earthquake is the nominated response spectra input force ( Figure  5 ) and the selected scale factors are 0.5, 1.0, 2.0 and 4.0 to capture the full range of response from linear-elastic to the state of near-collapse. Figure 6 shows the comparison of the structural response for both cases, including the lateral-drift response time history, the hysteretic response of the bridge pier element and the hysteretic response of the full structure including the cable-bracing system. As observed from the figures, the bridge pier without the use of cable-bracing system shows larger drifts in the first two intensity levels and large
Results and discussion
